Background/Aims: Distribution of Hepatitis C virus (HCV) genotypes vary geographically and may associate with the mode of transmission. Little is known about the molecular epidemiology of HCV infection in Guangzhou, China. Methods: A cross-sectional survey included 561 subjects with chronic HCV infection registered at Nanfang Hospital, Southern Medical University, was performed. All residents were invited for a questionnaire interview to collect information about their personal status and commercial blood donation history. Results: A total of 463 chronic hepatitis C (CHC) patients were finally enrolled. Among the 463 samples, 426 were characterized by partial core-E1 sequences and classified into 7 subtypes: 1b (n=263, 61.7%), 6a (n=86, 20.2%), 2a (n=26, 6.1%), 3b (n=26, 6.1%), 3a (n=22, 5.2%), 6u (n=2, 0.5%), and 4a (n=1, 0.2%). Analysis of genotype-associated risk factors revealed that blood donation and transfusion were strongly associated with subtypes 1b and 2a, while genotype 3b and 6a were more frequent in intravenous drug users. Conclusions: Phylogeographic analyses demonstrated that the distribution of HCV genotypes in Guangzhou is complex. Interestingly, 6a has become a local endemic in Guangzhou and may be the second source region to disseminate 6a to other provinces.
Introduction
As a worldwide health problem, an estimated 130-150 million people are chronically infected with Hepatitis C Virus (HCV), or 2.5% of the global population [1] [2] [3] . Taxonomically, HCV is classified into seven confirmed genotypes, and each genotype, except for genotypes 5 and 7, is further divided into a number of subtypes [4] . Different genotypes have shown distinct geographic distribution patterns. In general, genotypes 1, 2, and 3 are prevalent worldwide, while genotypes 4 and 5 are primarily restricted to Africa and genotype 6 is endemic to Southeast Asia [1, 3, 5, 6] . However, such patterns are constantly evolving as a result of speedy transmission via global travel.
Although six genotypes (genotypes 1 to 6) and a number of subtypes have been detected in China, over 95% of these isolates belong to five major subtypes: 1b, 2a, 3a, 3b, and 6a [5, [7] [8] [9] [10] [11] . Among them, subtype 1b is predominant nationwide, accounting for approximately 75% of all HCV infections, followed by 2a [5, 10, 11] . However, little is known about the distribution pattern of HCV genotypes in Guangzhou, the capital of Guangdong province, China ( Fig. 1) .
Guangzhou is not only the capital of Guangdong, but also the central city with strong attraction and influence in South China. Known as one of the starts of the ancient Marine Silk Road of China and one of the sources of modern China revolution, it has become the frontline of the reform and opening-up of China since 1978. Recently, as its brilliant achievements in developing economy and improving urban aspects, Guangzhou has become a ''World Production Center''. However, this has also brought about many side effects, such as the increasing drug use, drug trafficking, prostitution, unsafe medical practices, and millions of migrant laborers living in suboptimal hygiene conditions. All of these have contributed to creat an environment to inbreed HCV prevalence. Here we utilized samples collected from Chronic Hepatitis C (CHC) patients in Guangzhou to determine the status of HCV infection at this region, and related risk factors, as well as its relationship with those in other regions of China.
Materials and Methods

Subjects and specimens
Participants were recruited from July 2007 to December 2015 in Nanfang Hospital, Southern Medical University in Guangzhou, Guangdong Province, China. A total of 463 patients were finally enrolled in the study and all of them had anti-HCV positivity and detectable serum HCV RNA for at least 6 months. Blood samples were centrifuged and the supernatants were stored at -80°C for HCV genotyping. Laboratory results were collected from clinical records and the additional information about their personal status and commercial blood donation history was obtained using a standardized questionnaire. The serum HCV DNA level was measured with the Cobas AmpliPrep/Cobas TaqMan HCV test, version 2.0 (CAP/CTM HCV v2.0; lower limit of detection, 15 IU/mL). Possible HCV infection sources were identified for each patient including transfusion, intravenous drug use (IDU) and other procedures that share the equipment such as hemodialysis, dental treatment, non-sterile tattooing or piercing, unsafe acupuncture, etc.
The study was approved by the ethical Committee of Nanfang Hospital, Southern Medical University. The experiments were carried out in accordance with the approved guidelines and the "informed" consent was obtained from all subjects.
HCV RNA extraction, RT-PCR amplification, and sequencing
Serum HCV RNA was extracted from 140 μl of plasma by using QIAamp Viral RNA mini Kit (Qiagen, Germany) according to the recommended protocol. cDNA was synthesized from 20 μl extracted RNA with Superscript Ⅲ-First-Strand Synthesis System (Invitrogen, Life Technologies, USA). The primers of the partial Core-E1 region (reference strain H77 positions: 729-1322nt) for nested-PCR were described elsewhere: outer forward (E1) 5'-TTGGGTAAGGTCATCGATACCC-3', outer reverse (E2) 5'-TGATGTGCCAACTGCCGTTGGT-3'; inner forward (E3) 5'-TTCGCCGACCTCATGGGGTACAT-3', inner reverse (E4) 5'-GGACCAGTTCATCATCATATCCCA -3'. First round PCR using primers E1 and E2 was conducted with the following conditions: 94°C for 2 min, 35 cycles of 94°C for 30sec, 58°C for 1min and 72°C for 40sec, then a final cycle at 72°C for 7min. Second round PCR using primers E3 and E4 was conducted with the same condition except that the annealing temperature was 56°C for 35 sec. The amplicons were identified on 1.0% agarose gel, and directly subjected to sequencing by Shanghai Invitrogen Biotechnology Co., Ltd. To avoid potential contamination, experimental procedures were strictly performed by adding positive and negative controls and processed in parallel, including extraction of RNA, preparation of reagents, RT-PCR, nested PCR, and gel electrophoresis. Sequencing was done in both directions with primers E3 and E4 using ABI Prism Big Dye 3.0 terminators on an ABI Prism 3500 genetic analyzer (PE Applied Biosystems, Foster City, CA, USA).
HCV genotyping and phylogenetic analyses
The nucleotide sequences obtained were aligned with HCV strains of standard genotypes and edited by the ClustalW method of MEGA software (Version 6.0). Prior to phylogenetic tree construction, the best-fitting substitution model was tested using the jModeltest program (version 2.1.7) on the basis of the Akaike Information Criterion, which demonstrated that GTR+I+Г (GTR + invariant sites + gamma rate heterogeneity) was the best model for all of the sequence datasets. Under this model, the maximum likelihood (ML) trees were heuristically searched using the subtree pruning and regrafting (SPR) algorithm and the nearest-neighbor interchange (NNI) perturbation algorithm implemented in PhyML software, with which bootstrap analyses were performed in 500 replicates. After NEXUS tree files were generated, the ML tree topology was displayed using the FigTree program. Phylogeographic tree analysis Phylogeographic trees were reconstructed using the Bayesian phylogeographic inference framework implemented in the BEAST software (version 2.2.1), where a Bayesian discrete phylogeographic approach and a Bayesian Stochastic Search Variable Selection (BSSVS) procedure were used to estimate the ancestral locations of the virus and infer the most significant epidemiological links, respectively. Before constructing the trees, site models, demographic models, clock models, and evolutionary rates were estimated using the BEAST package, which involved all sequences obtained in this study as well as reference sequences. Briefly, the combination of the GTR+I+Г4 substitution model, the Bayesian skyline coalescent model, and the uncorrelated exponential clock mode was selected because this combination always outperformed other combinations [6, 9] . With the aforementioned datasets and the BEAST settings described previously, evolutionary rates (substitution per site per year) were estimated and used as priors in the present study:
, 2.00×10 −3 ± 3.00×10 , and 2.74×10 −3 ± 1.51×10 −5 for the subtypes 1b, 2a, 3a, 3b, 6a Core-E1 sequences, respectively [9, 12, 13] . After generating the XML files and importing them into BEAST, the Markov Chain Monte Carlo (MCMC) chain was run for 200 million states and sampled every 10, 000 states, ensuring that sufficient sampling has been achieved, indicated by the estimated effective sampling sizes (ESSs) greater than 200. After that, the program TreeAnnotator was used to generate the maximum clade credibility (MCC) tree as well as to summarize the posterior density of trees to calculate the posterior probabilities for the ancestral geographic states. Moreover, Tracer was used to explore the output of BEAST and the FigTree program was applied to display the resultiant posterior trees.
In addition, to test for the presence of phylogeographic structures, the Befi-BaTS program (http:// lonelyjoeparker.com/wp/?page_id=274#Befi-BaTS) was performed to estimate two statistics: AI (Association Index) and PS (Parsimony Score statistic). AI is the sum across all the internal nodes of a phylogeny, which explicitly takes into account the shape of the phylogeny by measuring the imbalance of the internal nodes. The estimation of PS, however, uses a parsimony approach to reconstruct the character states at ancestral nodes and calculate the number of state changes in the phylogeny. This was done through a parametric bootstrap process, which randomizes the association a large number of times, calculates statistics from each randomization, and provides a null distribution of the statistics with 0.95 credible intervals. Against this level the observed statistics are compared. Here, the null hypothesis of panmixis assumes that there is no correlation between phylogeny and taxa location [14] , and the randomization is performed against a series of tree-shaped statistics. We performed randomizations across a posterior distribution of trees generated from the MCMC process under a given coalescent model. During the bootstrapping process, the phylogenetic uncertainties were correctly incorporated and phylogeographic structure tested [15] .
In this study, we have included 150 GT1b, 78 GT2a, 41 GT3b, 24 GT3a and 69 GT6a reference sequences from a single study, which covered HCV isolates collected from many different regions in Mainland China [16] . In addition, to determine how the results could be affected by subsampling, we have randomly sub-sampled the Guangzhou sequences that more or less matched the sameple size in different regions (unpublished data) in our analysis.
Statistical analysis
The SPSS 17 software (SPSS Inc., Chicago, IL, USA) package was used for testing differences between groups by the Chi-square test. Analysis of Variance (ANOVA) was performed to test the quantitative data (HCV RNA level). A p-value of <0.05 was considered statistically significant.
Nucleotide sequence accession numbers
The nucleotide sequences reported in this study were deposited in GenBank with the accession numbers: KU364624 -KU365049.
Results
Demographic and clinical characteristics
Of 463 samples, 426 (92.0%) were successfully amplified and sequenced. The ages of the patients in the study ranged from 6 to 81 years with a mean age (±SD) of 42.6 ± 12.9 years. To avoid statistical bias, the HCV subtype 4a (n=1) and 6u (n=2) were excluded from the analysis because of their limited samples numbers.Blood, patients with a history of transfusion blood or blood products; IDU, patients with a history of Intravenous drug use; Sexual contact, patients with a history of promiscuity and unsafe sex; MTCT: mother-to-child transmission; Others: tattooing, piercing, acupuncture, hemodialysis, etc.; Unknown, patients where the source of infection was unclear and unknown 
HCV genotype distribution
After aligning and editing with HCV strains of standard genotypes, a 376 bp of the partial Core-E1 region (H77 positions: 892-1267nt) was utilized for HCV genotyping and phylogenetic analyses. The all sequences were classified into seven HCV subtypes: 1b, 2a, 3a, 3b, 4a, 6a, 6u (Fig. 2) . HCV subtypes 1b was the most prevalent subtype (n = 263, 61.7%), followed by subtype 6a (n = 86, 20.2%), 2a (n = 26, 6.1%), 3b (n = 26, 6.1%) and 3a (n = 22, 5.2%), while subtype 4a and 6u accounted for HCV infection in only 1 (0.2%) and 2 (0.5%) individuals, respectively.
Furthermore 
=78.188, P<0.001).
More importantly, the distributions of HCV genotypes showed significant differences depending on the route of transmission (P<0.001). Genotype 1b was observed more frequently (75.3%) in patients infected through blood transfusion than other routes, while genotype 3b (65.7%) and 6a (39.5%) were more frequent in those infected through IDU (Table 1) .
Phylogeographic analysis
Briefly, five trees were generated, each representing one of the five common subtypes in Guangzhou, i.e., 1b, 2a, 3a, 3b, and 6a. Fig. 4A presents a phylogeographic tree for 104 subtype 2a sequences. Overall, these 2a sequences can be classified into two big groups, showing significant posterior probabilities of 0.91 and 1.00, respectively. The majority of sequences in Group A may originate from Guangzhou, while Group B displays branches with a mixture of geographic origins but mainly from the northwest. Upward from the base, there appears to be a trend of 2a migration first to the northwest around 1966 (95% CI: 1957-1974), then gradually from northwest to many other regions. Fig. 4B displays a phylogeographic tree for 46 subtype 3a sequences. Compared to the two trees described above for subtypes 1b and 2a, the tree for the subtype 3a sequences appears to be clean and structured in an orderly manner, showing three clearly separated geographic groups, in addition to a single branch. Each of three groups contains sequences originating almost exclusively from a single geographic region, the southwest, northwest, or Guangzhou, and each reaches a full posterior probability of 1.00. Fig. 4C displays a phylogeographic tree for 67 subtype 3b sequences. The tree could roughly be divided into two subsets. The smaller subset is located at the tree base and contains only two branches but showa full posterior probability of 1.00. With a full posterior of 1.00, the larger subset appears to show a migration trend from the southwest to Guangzhou and sporadically to the northwest, with a few migrations to the north-northeast and the southeast. As a whole, 3b in China may have originated from Yunnan in the southwest, and the 3b isolates in other regions may be viewed as descentants. .
The 155 subtype 6a sequences are all maintained and supported with posterior probabilities of >0.80 in Fig. 5 . The base consisting of Vietnamese isolates, contains the most direct descendents of the earliest 6a common ancestor dated around 1957 (95% CI: 1939-1984), which is thought to be the origin of all 6a strains in China. Upward from the base, there appears to be a route of 6a migration: it initially reaches Guangzhou, and then spreads to many other regions.
Migration test
According to sampling origins, the GT1b, 2a, 3a and 3b sequences were divided into 6 states (North & Northeast, Northwest, Central South, Southeast, Southwest, and Guangzhou), while GT6a was devided into 6 different kind of states (Guangzhou, Guangxi, Hubei, Yunnan, Vietnam and Other provinces). Correlating the above 6 states with phylogenetic positions showed the AI and PS statistics both strongly rejecting the null hypothesis of panmixis. Therefore, association between lineages and geographic origins was supported.
Discussion
In the present study, a total of 463 HCV RNA positive samples was collected from HCV infected patients who visisted Nanfang Hospital, Southern Medical University in Guangzhou, Guangdong Province, China. Of these samples, 426 (92.0%) were successfully amplified and sequenced. Our results showed that 1b (61.7%) and 6a (20.2%) were the two most common subtypes in Guangzhou, followed in frequency by 2a (6.1%), 3b (6.1%), and 3a (5.2%). In
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Cellular Physiology and Biochemistry addition, we identified subtype 4a and 6u in this region, accounting for HCV infection in only 1 (0.2%) and 2 (0.5%) individuals, respectively. This study as well as others demonstrated that subtype 1b is the most prevalent subtype in Guangzhou, Guangdong Province, China [6-11, 13, 16] . However, the prevalence of subtype 1b decreased from 70% to 60% in recent years. The factors associated with the decreased subtype 1b prevalence in Guangdong Province are not clear. One plausible explanation is a shift in the main transmission route from blood transfusion and/or infusing of blood products after the introduction of routine screening blood donors with HCV tests to a route of intravenous drug use (IDU) and high-risk sexual behavior (HRSB) [17] [18] [19] [20] [21] [22] . Furthermore, the decreased prevalence of subtype 1b may have impact on treatment outcomes, as 1b tends to be less likily responsive to interferon-based antiviral treatment than genotypes 2 and 3 [23] [24] [25] [26] [27] [28] [29] . HCV subtype 2a is the second most predominant subtype in China, accounting for 20% of HCV infected cases natiowide. However, , 6a was found to be the second most predominant subtype with a 20.2% prevalence in Guangzhou, while 2a represents the third most predominant subtype (6.1%) in this tudy.
In an early analysis of HCV RNA sequences from 411 volunteer blood donors from 17 provinces and municipalities, which included 66 Guangzhou isolates [16] , five phylogeographic trees consisting of HCV subtypes 1b, 2a, 3a, 3b, and 6a were constructed. However, Guangzhou has been a robust engine in driving fast economic development for decades in China and has now become a "World Production Center", which undoubtedly influenced the epidemiological patterns of infectious diseases both locally and nationally [17] . Therefore, we employed the above-mentioned dataset as well as a large number of additional sequences from Guangzhou and Vietnam to construct five time-scaled phylogenetic trees with the Bayesian phylogeographic inference framework in the present study.
The tree for 1b shows six groups characteristic of different geographic distribution patterns and migration trends. Except for group D and E, which contain sequences with a substantial mixture of geographic origins, indicating the nationwide prevalence of group D and E isolates. Each of the other four groups contained sequences mostly from a single region. Group A was more prevalent in the northwest and frequently spread to other regions, while group B, C and F were more common in Guangzhou and occasionally appeared outside that region.
Interestingly, as a result of including a large number of Guangzhou sequences, the phylogeographic tree showed a more clear migration trend: 1b strains in other regions of China may have been spread and descended from Guangzhou during the 1970s and 1980s. Among them, the north-northeast and northwest became the second source regions to disseminate 1b trains to other regions. Factors driving the 1b trains to migrate to other regions from Guangzhou may include the close socio-economic links between Guangzhou and other regions in China, since this city serves as an important national transportation hub in china. Moreover, Guangzhou was the first region in China to undergo economic reform since 1978, resulting in profound social-economic changes and an influx of millions of immigrant workers. During holidays and busy farming seasons, those migrants frequently travel back and forth between Guangdong and their hometowns, facilitating pathogens spreading.
The phylogeographic tree for subtype 2a showed two statistically well supported groups. The smaller one had the majority of sequences originating in Guangzhou, while the larger one displayed isolates with a mixture of geographic origins but mainly from the northwest. The latter was in accordance with Lu's study, indicating that 2a strains in China may have originated in the northwest. Besides, 2a is considered exotic and is suggested to be transmitted to the Northwest China from Afghanistan, a known narcotic production center, via a drug trafficking route. Several land drug trafficking routes have been indicated to run through Afghanistan to China.
The phylogeographic tree for subtype 3a showed three clear separate geographic groups: one had origins almost exclusively in the northwest, one had origins almost exclusively in the southwest, and the third one had origins almost exclusively in Guangzhou. This pattern supports the hypothesis that subtype 3a could have been introduced into China from different neighboring countries.
In the 3b trees, two subsets were roughly divided. In contrast to the tree for subtype 3a, the phylogeographic tree for subtype 3b showed sequences with a mixture of geographic origins, to a certain extent. This indicates a migration trend from the southwest to Guangzhou, Cellular Physiology and Biochemistry
and then spreading to the northwest, with a few migrations to the north-northeast and the southeast. According to Table 1 , we speculate that the migration from the southwest to other regions was primarily by transmission via the IDU network, since 65.7% of the genotype 3b patients had a history of intravenous drug use. This is consistent with the known drug trafficking routes in Yunnan Province that link the Golden Triangle in Southeast Asian countries to China. The phylogeographic tree for subtype 6a appears to show a trend of migration from Vietnam to China, which is consistent with the previous studies, though we have not included all core-E1 sequences from other countries especially Southeast Asia, owing to the lack of relevant data on GenBank. Besides, there appear to be a trend of 6a migration first to Guangzhou, then to many other regions in the present study, as only limited subtype 6a sequences of the partial Core-E1 region in Yunnan and Guangxi are available in Genbank. We believe the IDU network could have played a critical role in the introduction of 6a from Vietnam to Guangzhou, as 39.5% of genotype 6a patients had a history of intravenous drug use, which was much more common than other transmission modes. Furthermore, Guangzhou receives millions of migrant workers and visitors from across the country each year. Those frequently flowing people can carry HCV 6a from Guangdong Province back to their hometowns in different regions of China [30] .
There are some limitations in our study. First, the data were biased toward Guangzhou, which may have have impact on the root estimates in the phylogeographic tree. To relieve this concern, we used SPSS 17.0 software to generate random numbers for selecting samples from 1b and 6a sequences, and found that migration trends of GT1b and GT6a in China have little changes (unpublished data). Second, we made exhaustive searches in the GenBank nucleotide sequence database and download as many matched 1b and 6a sequences as possible. However, most of the matched sequences had to be eliminated from analysis because of a lack of important information such as ancestral geographical states and sampling time, resulting in different numbers of of sequences among diferent regions.
In conclusion, our study suggests that there are seven HCV subtypes, 1b, 2a, 3a, 3b, 4a, 6a, and 6u present in Guangzhou, Guangdong Province, with subtype 1b dominant, followed by 6a, 2a, and 3b. Interestingly, though the distribution of HCV genotypes in Guangzhou is complex, our analyses do show the unique features. We suggest that HCV strains in Guangzhou may have a variety of geographic origins. In addition, genotype 6a has become endemic in Guangzhou, which led to spreading to many other regions of China. However, because of the possible data bias embedded this study, our conclusions need to be verified in new studies with large random sampled sequences.
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